We present a parallel-mode EPR study of a very high-spin ground-state cluster complex ͓Cr 12 O 9 (OH) 3 Low-temperature ͑5 K͒ single-crystal and powder parallel-and perpendicular-mode EPR spectra are presented. The forms of the spectra are discussed with respect to the composition of the wave functions as a function of the angle of the static magnetic field to the molecular Z axis, the selection rules of the two excitation modes, and the resultant transition probabilities. This is the largest spin state studied by parallel mode EPR spectroscopy to date, and the results demonstrate the applicability of parallel-mode EPR to high-spin ground-state molecular clusters such as single-molecule magnets.
INTRODUCTION
Continuous-wave electron paramagnetic resonance ͑EPR͒ spectroscopy involves application of the oscillating magnetic component of the incident microwave radiation (B 1 ) perpendicular to the static magnetic field (B 0 ).
1 This leads to the spin selection rule ⌬M S ϭϮ1. In parallel-mode EPR spectroscopy, B 1 is applied parallel to B 0 , and it is possible to observe ⌬M S ϭ0 transitions. Parallel-mode EPR has been exploited to great effect to study integer-spin systems in biology, 2 where, typically, zero-field splittings ͑ZFSs͒ are larger than the microwave quantum at X-band ͑ca. 0.3 cm Ϫ1 ). For example, there are many metalloenzymes that have high-spin Fe͑II͒ at the active site. The non-Kramers Sϭ2 ground-state multiplet is split by the axial ZFS parameter D into degenerate sets of M S ϭϮ2, Ϯ1, and 0. In this case, perpendicular-mode EPR transitions can be excited only at very high magnetic fields, beyond the range of typical X-band fields. However, in parallel mode, transitions are often observed within the ''M S ϭϮ2'' doublet, where the M S ϭ0 and Ϯ2 states are mixed by a nonzero rhombic term (E) in the spin Hamiltonian, allowing transitions within the doublet. 3 For the same reason, parallel-mode EPR has also found great use in the study of integer-spin metal clusters in biology, for example in iron-sulfur proteins 4 and the Mn cluster in photosystem II. 5 We are interested in transition-metal clusters with very high ground-state spins, because these can behave as ''single-molecule magnets'' ͑SMMs͒. 6 SMMs show slow relaxation of magnetization at low temperature because there is an energy barrier to loss of magnetization due to a significant negative ZFS (D) of the spin ground state S. 6͑b͒ This removes the degeneracy of the M s spin states and, because D is negative, M s ϭ0 is highest in energy at zero-field, while M s ϭϮS are lowest in energy, with the former at an energy of ͉D͉S z 2 with respect to the latter. This provides the energy barrier to loss of magnetization for integer-spin systems ͓for half-integer spins the barrier is given by ͉D͉(S z 2 Ϫ1/4)].
Thus, SMMs display a molecular magnetic hysteresis and therefore have potential applications in magnetic memory devices. It has also been proposed that such molecules could be used in quantum computing, with the required superposition of spin eigenstates achieved either via a complicated sequence of perpendicular and parallel mode EPR pulses, 7 or via a weak exchange interaction ͑''exchange biasing''͒ between discrete dimers of clusters. 8 However, while perpendicular-mode EPR of such highspin clusters has been reported frequently, 9 parallel-mode studies have not been pursued. Parallel-mode studies have been reported on high-spin biological FeS clusters (S up to 9/2͒. 4 In this work we report a parallel-mode EPR study of a single crystal of the Sϭ6 ground state cluster ͓Cr 12 O 9 (OH) 3 (O 2 CCMe 3 ) 15 ͔, 10 where Me indicates the methyl group, ''Cr 12 '' ͑Fig. 1͒ allowing a detailed comparison of perpendicular and parallel modes, including orientation dependence, of a molecule with a very high-spin ground state. This is the highest-spin state studied by parallel-mode EPR to date to our knowledge.
EXPERIMENT
The preparation of Cr 12 has been reported previously. 10 Single crystals were grown by slow evaporation of n-propanol solutions to give 1ϫ1ϫ0.1 mm 3 The Cr 12 molecules all lie on 32 sites, thus imposing crystallographic D 3 point symmetry, with the molecular Z axes ͑the C 3 rotation axes͒ aligned parallel with the crystal c axis. The c axis lies along the body diagonal of the long axis of the crystal.
EPR spectra were measured on a Bruker ESP 300E cw EPR spectrometer equipped with a Bruker 4116DM X-band dual mode resonator and Oxford Instruments ESR9 cryostat.
The resonator tuned at 9.65 and 9.43 GHz for perpendicular and parallel modes, respectively. Well-resolved spectra from the Sϭ6 ground state are observed only below ca. 30 K, where this state is populated. 11 All spectra in this work were measured at 5 K. Single-crystal samples were mounted on quartz studs with machined faces to allow orientation and rotation in known crystallographic planes. The crystals could be aligned along, e.g., the c axis by exploiting the spectral properties and known 11 spin Hamiltonian parameters ͑see below͒. Thus, spectra were measured at regular increments in the molecular ZX plane ͑see below͒. Spectrum simulations were performed with in-house software.
2͑a͒

RESULTS AND DISCUSSION
Cr 12 is a dodecametallic Cr͑III͒ cluster. 11 The structure consists of a centered trigonal prism of Cr͑III͒ ions, capped on each rectangular and triangular face by further Cr͑III͒ ions ͑see Fig. 1͒ . The cluster has crystallographically imposed D 3 point symmetry. The C 3 axis of the molecule lies along the vector defined by the central Cr͑III͒ ion ͑Cr1͒ and the two triangular face caps ͑Cr2 and symmetry equivalent͒. Magnetic exchange, via bridging oxide and hydroxide groups, leads to an Sϭ6 spin ground state. 11 This ground state is populated exclusively below ca. 10 K, as judged by the saturation of T vs T below this temperature ( ϭmolar magnetic susceptibility͒. 11 The ground state can be described by the spin Hamiltonian
The first term of this equation is the electronic Zeeman effect and the second term is the uniaxial anisotropy due to ZFS. Figure 2 shows representative examples of the angular variation of the single-crystal X-band EPR spectra of Cr 12 recorded in both perpendicular and parallel modes. Intense perpendicular-mode spectra are observed for all orientations of the crystal ͑molecule͒ with respect to the static magnetic field, whereas there is significant intensity in parallel mode only when the magnetic field is not oriented along the molecular Z axis.
The orientation of the static magnetic field (B 0 ) with respect to the molecular axis system (X,Y ,Z) can be defined by the polar angle between the Z molecular axis and the static magnetic field because the axial symmetry of the molecule ensures that all orientations with respect to the azimuthal angle are equivalent. The numerically special position ϭ0°can be considered for simplicity.
In the case of perpendicular-mode EPR the incident microwave radiation (B 1 ) is applied perpendicular to the static magnetic field (B 0 ). If B 0 forms an angle with Z, then the orientation of B 1 with respect to this axis will be defined by an angle of ϩ/2.
The perturbation Hamiltonian in this case will be of the form
For the two limiting cases (ϭ0°and ϭ90°), this gives the following results.
For ϭ0°,
This perturbation Hamiltonian has nonzero matrix elements when
The structure of Cr 12 in the crystal, viewed perpendicular to the principal axis of the molecule. The C 3 axis passes through Cr1 and Cr2, while the C 2 axes pass through Cr1 and Cr3 ͑and its symmetry equivalents͒.
where ␤ is the electronic Bohr magneton, g is the electron g matrix with the principal components g xx , g yy , g zz , Ŝ ϩ and Ŝ Ϫ are the raising and lowering spin operators, respectively, and ͉(i)͘ are wave functions obtained after diagonalization of Eq. ͑1͒. Since at this orientation the wave functions ͉(i)͘ are pure spin states ͉S,M S ͘ the two energy levels involved in a transition must be described by wave functions differing by Ϯ1 in the quantum number M S in order to have significant transition probabilities. This is the origin of the ⌬M S ϭϮ1 selection rule in perpendicularmode EPR spectroscopy.
For ϭ90°,
which means the nonzero matrix elements are now of the type
͑5͒
Transitions of significant probability are then observed between energy levels described by wave functions of the same M S quantum number, i.e., the selection rule becomes ⌬M S ϭ0, which can become allowed when the wave functions are mixed such that they contain admixtures of the same M S states ͑see below͒.
In the case of parallel-mode EPR the incident microwave radiation (B 1 ) is applied parallel to the static magnetic field (B 0 ). Both B 0 and B 1 form the same angle with respect to the Z molecular axis.
The perturbation Hamiltonian in the case of the parallel mode will be of the form
For the two limiting cases (ϭ0°and ϭ90°), this gives the following.
giving nonzero matrix elements of type ͑5͒. Transitions of significant probability are then observed between energy levels described by wave functions of the same M S quantum number. For ϭ90°,
This has nonzero matrix elements when Eq. ͑3͒ is satisfied. Thus the two energy levels involved in a transition must be described by wave functions differing by Ϯ1 in M S . With the static magnetic field parallel to Z (ϭ0°), an eight-line multiplet is observed for Cr 12 in perpendicularmode EPR ͑Fig. 2͒, with neighboring transitions separated by approximately 2D ͑ca. 1800 G in units of magnetic field͒. This observation, equivalent to DϷ0.09 cm Ϫ1 , confirms that the principal axis of the ZFS (Z) is parallel to the molecular C 3 axis. At ϭ0°there is no mixing of the M S states since Eϭ0. Thus, each energy level is described by a pure M S state ͉͘ϭ͉S,M S ͘-i.e., in zero field the ground state is ͉6,0͘
͑because D is positive͒, the first excited states are ͉6,Ϯ1͘, and so on. These levels vary linearly in energy with magnetic field strength ͑Fig. 3͒. Transitions are observed between the consecutive levels (⌬M S ϭϮ1) because of the selection rules given by Eq. ͑3͒. Only eight of the 2S allowed transitions are observed. The other four lie at ''negative'' magnetic fields at the X band. At higher frequencies, and hence magnetic fields, all 12 allowed transitions have been observed. 11 By contrast, no transitions are observed in the parallelmode EPR spectrum at ϭ0°͑Fig. 2͒ since no two energy levels contain admixtures from the same M S state to satisfy Eq. ͑5͒. Parallel-mode transitions are totally forbidden at this orientation of the static field. When 0°, EPR spectra are observed in both parallel and perpendicular modes ͑Fig. 2͒. These spectra are complex due to the nonlinear variation of the energy levels in low magnetic fields at X-band ͑Fig. 4͒. At higher frequencies, and magnetic fields, much simpler perpendicular-mode spectra are observed. 10, 11 This nonlinearity reflects the mixing of the M S states that arises from offdiagonal terms in the spin Hamiltonian. In the strict axial symmetry of Cr 12 and the spin Hamiltonian ͑1͒, the only off-diagonal terms arise from the Zeeman term. For a given orientation of the magnetic field B 0 with respect to the molecular Z axis, Eq. ͑1͒ can be written as
͑8͒
Thus, mixing is the result of the action of the transverse spin operator Ŝ x on the zero-order eigenfunctions and the magnitude of the related off-diagonal terms depends on and the magnitude of B 0 . The resulting wave functions can be described by linear combinations of the M S states:
The coefficients c depend on the orientation and strength of the static magnetic field, and are given by diagonalization of the appropriate secular determinant. Thus, when 0°it is possible for both equations ͑3͒ and ͑5͒ to be satisfied, and EPR transitions to be allowed in both perpendicular and parallel modes, albeit with different transition probabilities ͑see below͒. At some orientations between ϭ0 and 90°the same transitions have significant intensity in both modes, for example, the spectra at 15°are remarkably similar ͑Fig. 2͒.
At ϭ90°, however, the only significantly intense transitions in the parallel-mode spectrum are at low field, below ca. 1500 G, while in perpendicular mode the most intense transitions are at resonance fields greater than ca. 1500 G. The transition probabilities are proportional to the square of the appropriate matrix elements, given in Eq. ͑3͒ for parallel mode and Eq. ͑5͒ for perpendicular mode. The first intense parallel-mode transition for ϭ90°is at 405 G and is between energy levels 2 and 4 -this transition is forbidden in perpendicular mode. The compositions of the 13 energy levels at this field and orientation are in Table I . The ground state ( 2 ) has significant contributions from M S ϭϮ1,Ϯ2 while the excited state ( 4 ) has major contributions from M S ϭϮ1,Ϯ2,Ϯ3. Worked examples of evaluating the appropriate matrix elements ͑3͒ and ͑5͒ are in Appendixes ͑A͒ and ͑B͒. ͑Note the small difference in resonance fields for parallel and perpendicular modes for the same transition, due to the slightly different excitation frequencies of the two modes.͒ Thus, there is a significant nonzero transition probability for this transition in parallel mode, but in perpendicular mode the matrix elements cancel out to zero-note that the signs of the coefficients c are crucial as well as their magnitude. The resulting calculated transition probabilities are P (2,4,ʈ) ϭ0.1284 for parallel mode excitation ͑note that the subscripts refer to the energy levels involved in the transition͒, but P (2,4,Ќ) ϭ0 for the equivalent transition in perpendicular mode ͑experimental and simulated spectra are shown in Fig. 5͒ . Thus this transition is much more intense in the parallel mode spectrum. There are also many allowed perpendicular mode transitions at ϭ90°that are forbidden in parallel mode. For example, the intense transition at 2741 G in perpendicular mode is between energy levels 6 and 7 : the composition of the 13 energy levels at this field and orientation is in Table  II . The ground state ( 6 ) has significant contributions from M S ϭϮ1, Ϯ2, Ϯ4, and Ϯ5 while the excited state ( 7 ) has major contributions from M S ϭ0, Ϯ1, Ϯ2, Ϯ3, Ϯ4, and Ϯ5. By similar arguments these lead to transition probabilities of P (6,7,Ќ) ϭ0.1165 and P (6,7,ʈ) ϭ0. Table III and Table IV give the coefficients for the 13 zero-order components of the eigenfunctions at ϭ90°at the resonance fields of all the experimentally observed transitions ͑see Figs. 4 and 5͒ for perpendicular and parallel modes, respectively. The transition probabilities for the other intense transitions in the parallel mode spectrum are P (3,5,ʈ) ϭ0.1184 at 803 G, P (5,7,ʈ) ϭ0.1528 at 831 G ͑we do not resolve these transitions separately in the experimental spectrum͒, and P (5,7,ʈ) ϭ0.1436 at 1325 G ͑perpendicular mode probabilities all zero͒. The intense perpendicular-mode transitions ͓see Fig. 5͑a͔͒ are at 385, 763, 1138, 1330, 1558, 1863, 2140, 2741, 4129, 6235, and 9727 G and have probabilities of P (2,5,Ќ) ϭ0.0504, P (5,6,Ќ) ϭ0.0765, P (1,2,Ќ) ϭ0.1045, P (2,3,Ќ) ϭ0.1505, P (3,4,Ќ) ϭ0.1622, P (4,5,Ќ) ϭ0.1529, P (5,6,Ќ) ϭ0.1387, P (6,7,Ќ) ϭ0.1165, P (8, 9 ,Ќ) ϭ0.0848, P (10,11,Ќ) ϭ0.0591, and P (12,13,Ќ) ϭ0.0279, respectively. The corresponding probabilities in parallel mode are all zero, i.e., these transitions are allowed only in perpendicular mode.
Powder spectra recorded in parallel and perpendicular modes are given in Fig. 6 . Because of the axial symmetry of Cr 12 , the powder spectra are dominated by transitions arising from orientations of the molecules perpendicular to the unique (Z) axis ͑i.e., in the XY plane͒. This effect is further emphasized in the parallel-mode powder spectrum, where transitions at fields parallel to the Z axis are forbidden ͑see above͒, and all the intense features in the powder spectrum are due to transitions in the XY plane ͓ϭ90°; see Figs. 5͑b͒ and 6͑b͔͒. The work above shows that parallel-mode EPR spectroscopy of a high-spin, non-Kramers system not only has sufficient sensitivity to detect transitions ͑р an order of magnitude compared to perpendicular mode spectra͒, but also produces distinct transitions from those excited by conventional perpendicular mode, and therefore will be valuable in the study of high-spin clusters such as SMMs. For instance, Fig. 4 and Table III show the ͑static͒ field dependence of the eigenstates and the evolution of the eigenvectors in the field. This reveals how, in principle, a selective connection between states might be achieved by orientation selection of the oscillating field and consequent variations in the components of the total transition probability.
This suggests possible additional uses of EPR in the study and exploitation of high-spin clusters. For example, Wernsdorfer et al. have proposed that certain SMMs, where the clusters themselves are weakly intermolecularly exchange coupled ͑''exchange biased''͒, could be exploited as qubits in quantum computing.
8͑a͒ Specifically, they discuss a discrete dimer of tetrametallic manganese SMM clusters ͓Mn 4 O 3 Cl 4 (O 2 CEt) 3 (py) 3 ͔ 2 ͑py indicates pyridine and Et an ethyl group͒, where the weak exchange between the two Sϭ9/2 ground-state molecules provides a mechanism for the 8͑b͒ EPR thus provides a direct measure of the strength of the intermolecular exchange bias. However, the ⌬M S ϭϮ1 selection rule limits the number of possible transitions that can be excited. The use of parallel-mode EPR would allow excitation to states connected to the ground state via ⌬M S ϭ0 ͑these transitions would become allowed at ϭ0°via the exchange bias interaction͒, and hence provide complementary information to perpendicular-mode excitation on the nature of the biasing phenomenon. Indeed, X-band EPR may be particularly useful here, because Hill et al. 8͑b͒ have estimated that the exchange biasing in this particular example leads to separation of otherwise degenerate pairs of levels by ca. 9 GHz.
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